Objective: To investigate the association of relative tumor echogenicity and hepatic steatosis in patients undergoing resection of colorectal liver metastases (CRLM).
H EPATIC STEATOSIS IS THE most common liver disease in the United States and perhaps worldwide, affecting 17% to 33% of individuals in the US general population. 1, 2 Such fatty liver disease is commonly associated with obesity, type 2 diabetes mellitus, and other conditions that promote insulin resistance and free fatty acid accumulation in liver tissue. Importantly, the use of fluoropyrimidine-based chemotherapy for colorectal cancer is associated with pathological changes to the liver parenchyma, including hepatic steatosis. [2] [3] [4] Steatosis is associated with changes in the hepatic parenchymal appearance on ultrasonography. 5, 6 This feature can even be used as a noninvasive tool for diagnosing the condition using transcutaneous ultrasonography. 7, 8 However, the ultrasonographic appearance of fatty liver tissue is manifested as increased echogenicity and decreased image quality owing to signal attenuation, highlighting a potential concern for diminished ability of ultrasonography to detect metastases within fatty liver tissue. In particular, intraoperative ultrasonography (IOUS), an essential tool used for the detection of liver tumors, may be affected by steatosis. This point is particularly relevant in patients undergoing hepatic surgery for colorectal liver metastases (CRLM), in whom steatosis is more common and lesion detection is paramount for successful surgical therapy. 4, 9 Therefore, the objective of the current study was to determine the effect of hepatic steatosis on the ultrasonographic appearance of CRLM. More specifically, we sought to evaluate the effect of fatty liver tissue on lesion echogenicity.
METHODS
Data on the IOUS appearance of CRLM were collected prospectively on 196 patients who underwent resection at The Johns Hopkins Hos-pital from January 1, 1998, through December 31, 2008, by a single surgeon (M.A.C.) with extensive experience in hepatic ultrasonography. Of these, 126 patients had complete histopathologic slides available and were thus included. The study was approved by the Johns Hopkins Hospital institutional review board.
Prospectively collected data, including IOUS images and standard demographic and clinicopathologic data, were analyzed retrospectively, including patient demographics; type, duration, and response of preoperative chemotherapy according to the response evaluation criteria in solid tumors 10 ; tumor size, number, and location; operative information; body mass index (calculated as weight in kilograms divided by height in meters squared); and tumor echogenicity. In each case, IOUS of the liver tissue was performed using a 4.0-MHz to 8.0-MHz curvilinear transducer probe (Phillips ATL HDI-5000; Phillips Advanced Technologies Laboratory, Bothell, Washington). Operative imaging was performed according to an established protocol, as previously described by some of us. 11, 12 Metastases were imaged in the longitudinal and transverse planes with standard preset ultrasonographic settings, including the depth of field, focal zone, gain setting, scan orientation, and image size. In each case, all evaluable IOUS images were digitally recorded and coded randomly. Analysis of images was conducted by 2 masked reviewers (M.G.V. and M.A.C.) and graded for echogenic appearance in relation to the surrounding liver tissue: hypoechoic, isoechoic, or hyperechoic.
For this study, archival histopathologic slides were retrieved and histologic evaluation was performed by an experienced hepatopathologist (M.S.T.) who was unaware of the clinical data. Specimens were examined by routine microscopy with hematoxylineosin-stainedandMassontrichrome-stainedslides.Inallinstances, the pathological findings of the nontumorous hepatic parenchyma remote from the cauterized margin was examined and scored. Ste-atosis was determined as minimal (0%-5%), mild (5%-30%), moderate (Ͼ30%-60%), or severe (Ͼ60%). Tumors were scored for the presence of extracellular mucin, intratumoral microcalcifications, and pathological response to chemotherapy. More specifically, the percentage of (residual) viable tumor cells and tumor necrosis within each lesion was estimated and scored as those with major pathological response (Ͻ20% viable tumor cells) and minor or no response (Ն20% viable tumor cells).
All statistics were computed using Stata statistical software, version 10.1 (StataCorp LP, College Station, Texas), and SPSS statistical software, version 16 (SPSS Inc, Chicago, Illinois). Summary statistics were obtained using the 2 and Fisher exact tests for categorical variables and analysis of variance for continuous variables. The correlation between steatosis and echogenicity was investigated per lesion using univariate and multivariate multinomial regression. The data were clustered per patient to correct for variance in the number of lesions per patient. Relative risk ratios (RRRs) and their 95% confidence intervals (CIs) were calculated, with PϽ.05 considered statistically significant.
RESULTS

PATIENT CHARACTERISTICS AND TUMOR ECHOGENICITY
Two hundred seventy-nine lesions were resected in 126 patients. Of these, 191 lesions had complete IOUS images for review and adequate linked pathological data available and were included in the final analysis. Table 1 gives the clinicopathologic features of the patient cohort. There were 65 men (51.5%) with a median age of 60 years (range, 22-90 years). Diabetes mellitus was present in 19 patients (15.1%), and 30 patients (23.8%) had a body mass index less than 30. The median number of hepatic metastases per patient was 2 (range, 1-14), with 46.7% being solitary tumors, 31.0% tumors with 2 to 3 metastases, and 22.2% tumors with 4 or more lesions resected. The median size of the largest tumor was 4.0 cm (range, 1.1-16.0 cm). Fifty-nine patients (46.8%) were treated with chemotherapy for their metastatic disease before surgery. In these 59 patients, a partial or complete radiologic response was observed in 31 patients (52.5%). Thirteen patients (22.0%) had a complete radiologic response in at least 1 lesion, of which 9 metastases were available for analysis.
The distribution of clinical features among echogenicity groups is summarized in Table 2 . Overall, 55 patients (43.7%) were found to have hypoechoic metastases, 50 patients (39.6%) had isoechoic lesions, and 21 patients (16.7%) had hyperechoic lesions. No difference in echogenicity was observed in patients with increased number or size of the largest metastases. Tumor echogenicity was not significantly different between those with or without diabetes mellitus, and no difference was seen in those with obesity. Tumor echogenicity was not significantly different among those receiving preoperative chemotherapy, and it did not differ by chemotherapy type or radiologic response.
HISTOLOGIC FEATURES
Microscopic assessment of the nontumorous liver tissue revealed the presence of steatosis (Ͼ5%) in 49 pa- 
TUMOR ECHOGENICITY AND STEATOSIS
The influence of histologic abnormalities of the surrounding liver tissue on the tumor echogenicity is summarized in Table 4 . Specifically, patients with steatosis were more frequently found to have hypoechoic lesions (67.9%) compared with isoechoic lesions (22.2%) or hyperechoic lesions (9.9%). In contrast, patients without steatosis were found to have hypoechoic metastases in only 32.7% of cases, with 42.8% appearing as isoechoic and 24.5% as hyperechoic (P Ͻ .001). These hypoechoic tumors were frequently more conspicuous despite the diminished image quality and definition seen (REPRINTED) ARCH SURG/ VOL 145 (NO. 7), JULY 2010 in steatotic liver tissue (Figure 1 ). Evidence of sinusoidal dilatation was not associated with differences in tumor echogenicity. The extent of steatosis significantly affected the relative echogenicity of CRLM (Figure 2) . The probability of finding hypoechoic tumors was 60% in those with mild steatosis (RRR, 2.91; 95% CI, 1.33-6.37; P=.007; vs no steatosis) and increased to more than 90% in those with moderate-to-severe steatosis (21.6; 4.74-98.0; PϽ.001; vs no steatosis).
The effect of various histopathologic characteristics, including steatosis and microcalcifications, on tumor echogenicity was evaluated using univariate and multivariate clustered multinominal regression models. On univariate analysis, the presence of steatosis was the only parameter found to be independently associated with finding hypoechoic vs isoechoic tumors (RRR, 3.98; P=.001) ( Table 5) . No other features, including microcalcifications, mucin, tumor size or location, preoperative chemotherapy use, or chemotherapy response, were asso-ciated with a hypoechoic tumor appearance. In contrast, the finding of hyperechoic lesions compared with isoechoic ones was only associated with the presence of tumor microcalcifications (RRR, 4.76; 95% CI, 1.89-12.5; P=.003). Tumor size, number, and location; use of or response to preoperative chemotherapy; mucin; sinusoidal dilatation; and steatosis were not associated with hyperechogenicity. When adjusting for all other factors, steatosis (RRR, 4.24; P=.001) and calcifications (RRR, 4.33; P=.003) remained the only independent factors associated with echogenicity in the multivariate analysis.
We also sought to determine whether the association between steatosis and tumor echogenicity was owing to the effect of preoperative chemotherapy on the tumor itself rather than only the presence of steatosis. Specifically, when the percentage of hypoechoic lesions was compared between patients with steatosis who received preoperative chemotherapy and those who did not, no difference was seen (61.7% vs 76.5%; P =.16). Similarly, tumor echogenicity was comparable, regardless of the attributed cause of the steatosis.
Finally, we investigated the influence of preoperative chemotherapy on the echogenicity of CRLM and the ability of IOUS to detect CRLM. Nine liver tissue metastases showed a complete radiologic response on preoperative imaging studies and were only detected by IOUS. These were hypoechoic in 8 of 9 instances (88.8%), with only 1 lesion being isoechoic. Moreover, 6 (66.7%) of these metastases were found in steatotic liver tissue, 4 of which were found in liver tissue with moderate-to-severe steatosis.
COMMENT
Intraoperative ultrasonography is well known as an important tool for accurately staging liver tumors, and it frequently affects intraoperative decision making. [13] [14] [15] [16] [17] [18] [19] [20] However, tumor echogenicity and image quality can have a significant bearing on the sensitivity and usefulness of Increased probability of finding hypoechoic tumors with mild (relative risk ratio, 2.91; 95% confidence interval, 1.33-6.37; P=.007) and moderate-to-severe (21.6; 4.74-98.0; P Ͻ.001) vs no steatosis.
(REPRINTED) ARCH SURG/ VOL 145 (NO. 7), JULY 2010 IOUS for the operative management of CRLM. 14, 21 Steatosis, in particular, is associated with increased signal attenuation and decreased overall detection sensitivity for liver tumors. 22 The liver parenchyma appears brighter in the presence of steatosis, and intrahepatic vascular structures appear less defined ( Figure 1A) . One might hypothesize, then, that the conspicuity of CRLM may be diminished in the presence of fatty liver disease. Yet, few data exist regarding the IOUS image characteristics in such patients. Such data have important implications regarding the ability to visualize and detect metastases during planned liver resection.
In our study, we found a strong correlation between hepatic steatosis and the relative tumor echogenicity of CRLM. Specifically, isoechoic tumors (which are often difficult to distinguish from the surrounding liver tissue) were found in only 22.0% of patients with steatosis, half the percentage of those without steatosis. These findings are likely explained by the ultrasonographic characteristics of fatty liver tissue. When hepatic fat content increases, the parenchyma becomes brighter (hyperechoic) because of an increased sonographic attenuation. Because one might expect the ultrasonographic characteristics of the tumors themselves (ie, absolute echogenicity) not to change with hepatic steatosis, metastases, then, become relatively more hypoechoic when compared with the surrounding liver tissue in the presence of steatosis.
The presence of nonalcoholic fatty liver disease was common in our study population of patients undergoing surgery for CRLM (39.0%). These demographics reflect the general population within the United States, with a prevalence of steatosis in Western countries ranging from 3.0% to 23.0%. Moreover, increasing rates of obesity and diabetes will likely increase the rates of nonalcoholic fatty liver disease in surgical patients in the future. 23 Numerous authors have also reported on the correlation between preoperative chemotherapy and the development of steatosis in various degrees of severity. [24] [25] [26] [27] In one study, 27 18.3% of patients undergoing surgery for CRLM and treated with preoperative chemotherapy had moderate-to-severe steatosis compared with 3.4% of patients who received no chemotherapy. In another report, 26 steatosis was observed in 24% of patients treated with preoperative irinotecan hydrochloride and oxaliplatin.
Our results are important for several reasons. First, when grossly steatotic-appearing liver tissue is found during surgery, one should anticipate hypoechoic lesions on IOUS when screening for additional tumors. Previously, we have shown that echogenicity is consistent among tumors within the same patient. 12 This finding is supported by the correlation found here between echogenicity and steatosis, affecting all tumors within the same patient similarly. Second, we have shown that the fraction of tumors with decreased echogenicity diminishes with the extent of steatosis, likely reflecting increased ultrasonographic signal attenuation with increasing attenuation owing to fatty changes in the liver.
The association between tumor appearance and steatosis was found to occur regardless of the cause of the type of liver injury. Patients with chemotherapyinduced steatosis were found to have a comparable proportion of hypoechoic tumors when compared with those with steatosis owing to other causes. Although echogenicity was not found to be influenced overall by preoperative chemotherapy use or tumor response to chemotherapy, it is likely the presence of the steatosis that influences the tumor appearance. These findings have important implications regarding the sensitivity of IOUS in these patients. Although the use of preoperative chemotherapy has significant potential advantages in patients undergoing liver resection, some have raised concern that the associated steatosis may negatively affect the ability to visualize metastases on IOUS. 28, 29 This study suggests that steatosis results in fewer isoechoic lesions and likely increased tumor conspicuity. Smaller, otherwise occult lesions may, paradoxically, become more visible and easier to detect in fatty liver tissue. Indeed, we found that metastases that had a complete radiologic response from preoperative chemotherapy and were detected during surgery with IOUS were almost always hypoechoic and most frequently detected in steatotic liver tissue.
In summary, we found that the echogenicity of CRLM was significantly affected by the presence of fatty liver disease, resulting in a decreased echogenicity and increased conspicuity of lesions despite overall poorer image quality. These findings reinforce the usefulness of IOUS in visualizing hepatic metastases in patients undergoing surgical therapy for advanced colorectal cancer, even in those with steatosis. 
DISCUSSION
Vijay Maker, MD, Chicago, Illinois: Dr van Vledder and members of Dr Choti's group have systematically approached a problem that is only growing in recognition and scope-that of resection of colorectal liver metastases in the steatotic liver. I commend them on this compilation of data that spans a decade of liver resection. Their research supports the notion that when searching for a metastatic lesion in a heavily pretreated or fatty liver, one is more likely to find a relatively hypoechoic mass on intraoperative ultrasound and that this lesion may, in fact, be more visible owing to its appearance against a highly echogenic background. This piece of information is helpful, especially in pretreated chemotherapy patients where the lesions have regressed in size but may still contain viable tumor cells. They have elegantly demonstrated to us the better visibility of dark hypoechoic lesions against a bright fatty liver. However, because of the overall poor resolution caused by the fat content, do we miss more isoechoic lesions and maybe even some hyperechoic lesions? How often did computed tomographic scan demonstrate metastases that were not found on intraoperative ultrasound at all? Second, in your series there were 2 pathologically identified cases of steatohepatitis. I am curious as to whether you ob-(REPRINTED) ARCH SURG/ VOL 145 (NO. 7), JULY 2010 served any ultrasound characteristics to differentiate reversible steatosis from the more serious steatohepatitis in this study or in your previous investigations of these damaged livers?
Third, your group and others have stated that hypoechoic colorectal metastases may have a worse prognosis. Much like a World War II sonar would transmit clearly through water, do these liver lesions contain greater water content, perhaps owing to a higher mitotic rate and greater cell turnover? If they do contain more water, I wonder if you have seen any differences between hyperechoic and hypoechoic lesions when treated with radiofrequency ablation?
Dr Choti: You have asked 1 of the key questions as to whether this observed association between the presence of steatosis and increased probability of finding hypoechoic metastases translates into an improved detection rate of intraoperative ultrasound in the fatty liver. We do not know the full answer to that, although we are currently looking at this question. I can tell you that it does appear that patients whose known tumors are hypoechoic are less likely to have missed lesions on IOUS. Thus, the presence of steatosis may contribute, paradoxically, to increased sensitivity of ultrasound. However, as you point out, we do not know if tumors that might remain isoechoic or hyperechoic in fact become more difficult to detect in the steatotic liver. In other words, it may be that the presence of steatosis increases the relative conspicuity of some tumors yet may reduce the ability to identify tumors that still remain isoechoic, given the overall decreased image quality seen in the fatty liver.
Regarding the correlation of preoperative computed tomographic scan with operative lesion detection, we did not ad-dress this by comparing them lesion by lesion, specifically whether some tumors seen on computed tomographic scan failed to be detected intraoperatively on IOUS in the patient with steatosis. Because of the diminished overall quality of ultrasonography with steatosis, it is very possible that some tumors seen on computed tomography were not visualized by IOUS, particularly if they were isoechoic.
Your question regarding the IOUS appearance of steatohepatitis is an interesting one. As you point out, we found steatohepatitis in very few patients in this study, less than 2%, even in those receiving preoperative chemotherapy. Given these low numbers, it is difficult to draw any conclusions regarding echogenicity and steatohepatitis.
Finally, you commented on our previous study, which found that hypoechoic metastases were associated with poorer prognosis. As I have suggested here, it appears that the decrease in relative tumor echogenicity seen is largely a function of the surrounding parenchyma and not a feature of the metastases. Why then would our prior studies have found prognostic implications of tumor echogenicity? It may be that patients with steatosis are more heavily pretreated with chemotherapy, perhaps worse biology, thus explaining the finding. Clearly, the reasons are likely multifactorial as to why hypoechoic tumors have a poorer prognosis. Our current study suggests that it is the parenchyma of the liver that significantly contributes the relative tumor echogenicity rather than the features of the tumor itself.
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